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R235localization, or activity, are affected
by Mad2 levels. It was recently found
that diploid, nontransformed cell lines
can dynamically regulate CPC levels
at individual centromeres in response
to the microtubule attachment state,
but this regulation fails in the cancer
cell lines that have been examined [18].
The newly discovered connections
between Mad2 and Aurora B in the
larger context of CIN and cancer
herald an exciting area for further
exploration.
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Day, Stochastic the NextThree recent papers provide striking insight into the mechanisms used to
regulate B-cell differentiation. They demonstrate that B-cell fate choice can be
stochastic, directed, inherited, or somecombination of these, depending on the
circumstances. The trick is going to be working out which is important when.David Tarlinton
A central goal of biological research
is to understand fate determination
of cells during development. Fate
determination in immunology is
apparent in the pluripotency of
haematopoietic stem cells, in the
development of distinct cell types
within lineages, such as T-cell
bifurcation into CD4+ and CD8+
compartments, and in the capacity of
mature leukocytes to differentiate into
effector cells in response to external
stimuli. It is through this last prism that
three recent papers in Science [1–3]
can be viewed, with each providing
a distinct perspective on the
mechanisms that are available to
the immune system to ensure thatits responses to a potentially infinite
variety of challenges are rapid,
encompassing, efficient and flexible.
Three groups have used B cells to
address how complex patterns of
differentiation are regulated [1–3]. In
response to antigen-mediated stimuli,
naı¨ve B cells undergo well-defined
changes, including proliferation,
immunoglobulin (Ig) class switch
recombination (a process that
diversifies antibody function),
differentiation into antibody-secreting
plasma cells and into memory B cells,
and death (reviewed in [4]). B-cell
responses directed against protein
antigens require signals from CD4+ T
helper cells, help the B cells solicit
by presenting a peptide derived from
the antigen to the CD4+ T cells. TheCD4+ T cells, independently activated
by interaction with dendritic cells
presenting the same peptide,
recognise and respond to the B-cell
request by providing mitogenic and
differentiation signals, usually in the
form of the CD40 ligand (CD40L) and
cytokines, including interleukin-4
(IL-4) and IL-21. Thus, a population
of essentially homogeneous, resting,
non-secreting B cells expressing IgM
and IgD, under the guidance and
proliferative impetus of CD4+ T cells,
generates a population of
antigen-specific, B-lineage cells
that include cells that secrete
antibodies (plasma cells), cells that
have undergone class switch
recombination, cells that persist for
years in a resting state (memory
B cells), and cells that die. These
outcomes are not mutually exclusive
but instead overlap in all combinations.
The intersection of these four
processes of proliferation,
differentiation, class switch
recombination and death thus
constitutes an immune response in
all its diversity, and the appropriate
regulation of magnitude, duration,
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Figure 1. Schematic representation of models of B-cell diversification during differentiation.
(A) Instructional scheme in which B cells (blue) respond to environmental signals provided by antigen (red) and T cells (orange) by asymmet-
rically distributing factors and receptors that may subsequently regulate differentiation of the daughter cells. In this case, only cell death (black)
and plasma cell differentiation (oval) are shown. (B) Intrinsic scheme in which B cells implement fate choices based on regulatory networks
established autonomously within each cell. Siblings show strong concordance of fate choices, both in outcome and in timing. Some cells
undergo class switch recombination (blue to green), others die (black), which censors other choices. Plasma cells appear before or after class
switch and, if before, prevent class switching and division in this diagram. In this way, all possible combinations of differentiation fates arise in
the expanding population without individual signals.
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R236affinity and effector function is crucial
to our survival. The question is, then,
how is this regulation achieved? Is it
imposed on the B cells by the cells and
molecules with which they interact or is
it an intrinsic aspect of the way B cells
respond? The answer, as provided by
these recent papers [1–3], may be
a mixture of both.
B cells are an attractive model
system for analysing differentiation,
as they undergo complex processes
in a defined manner in response to
well-characterised stimuli with many
of the required transcription factors
and enzymes having already been
identified [4,5]. Amongst these are:
Blimp1, an essential transcription
factor in plasma cell differentiation;
Bcl6, a transcription factor required
for sustained proliferation and
receptor diversification in response to
protein antigens; IRF4, a transcription
factor required for class switch
recombination and plasma cell
formation; and AID, the enzyme
initiating class switch recombination
and Ig variable gene somatic
hypermutation. Thus, the amount
and distribution of these factors within
B cells provides a means of predicting
their fate with some precision.
So, while the mechanism of
differentiation is clear at one
level — variations in the amount
and/or distribution of transcription
factors — the reason why cells
exposed to the same stimuli responddifferently remains uncertain. This
issue is addressed in varying ways in
the recent reports in Science. The
groups describe the regulation of
differentiation in B cells through the
following processes: the asymmetric
segregation of transcription factors,
signalling molecules and growth factor
receptors into daughter cells [1], with
the implication that behaviour will
differ accordingly; the existence of
probabilistic rules that show B-cell
fate as being the consequence of
competition between the individual
autonomous fates of class switching,
dividing, differentiating and dying,
the occurrence of each of which is
stochastic [2]; and the asymmetric
distribution of internalised antigen
following cell division, conferring
different capacities to solicit T-cell
help [3]. Clearly, these provide quite
different ways of viewing the regulation
of B-cell differentiation from
instructional to intrinsic (Figure 1).
Previous work from Reiner and
colleagues [6] described how
asymmetric division contributed to the
appearance of CD8+ memory and
effector T cells, the key differentiated
cell types within this lineage following
antigen challenge [6]. Mediators of
growth and differentiation were shown
to segregate to different poles during
division, leading to different amounts of
the molecules that both defined and
dictated differentiation outcomes
within daughter cells. This result,although witnessed on a relatively
small number of cells, involved mouse
homologues of the Par complex
(atypical protein kinase Cz (aPKCz),
Par3 and Par6), Numb and Scribble,
proteins with conserved roles in
polarity [6]. It appeared that an ancient,
conserved mechanism existed in
T cells that differentially partitioned
key regulators of differentiation into
daughter cells and thus generated
different outcomes. The establishment
of T-cell polarisation required an
external signal — the binding of the
cell-adhesion molecule ICAM-1 on
the dendritic cell to its ligand LFA1
on the T cell [6].
In their new study, this same group
[1] repeated their T-cell observations
with B cells undergoing an immune
response under the direction of CD4+
T cells. These B cells, recovered from
germinal centers and then cultured
further in vitro in the presence of
mitogenic stimuli, were found to
distribute the majority of the key
transcription factor Bcl6 together with
the majority of the IL-21 receptor
(IL-21R) at one pole and the majority
of aPKCz at the other. Polarisation of
these factors was observed in some
40–50% of the 20 or less B cells scored
in each case, with a very high degree
of concordance. Observing that the
transcription factor IRF4 and the
cell-surface protein B220 were equally
distributed revealed some selectivity
of the asymmetry. As in T cells [6],
Dispatch
R237polarisation in B cells was found
to depend on ICAM1 interactions,
although divergent daughters were
not tested for functionally distinct
outcomes. Bcl6 and IL-21R, however,
are central to the capacity of B cells
to maintain an immune response, so
loss of either let alone both would be
expected to seriously curtail the
ongoing participation of a cell in the
response and indeed may trigger
differentiation [7–10]. Conversely,
acquiring additional IL-21R and Bcl6
might enhance participation [11], as
proposed by the authors. It is not
unreasonable to extrapolate from these
data that antigen recognition by a B cell
in the context of ICAM-1 binding and
the provision of CD4+ T-cell help leads
to the asymmetric distribution of
regulatory proteins within the dividing
B cell and their subsequent unequal
inheritance. Implicit in this is that the
daughters will have different outcomes
and thus their differentiation will have
been determined by extrinsic factors.
A contrasting view is provided by
Hodgkin and colleagues [2]. Culturing
naı¨ve B cells in conditions mimicking
T helper cell stimulation (CD40L and
cytokines), the authors filmed
thousands of single cells up to the point
of progression through cell division or
death. They concluded that the time
to division, plasma cell differentiation,
class switch recombination or death
occurred stochastically and
autonomously. When the data from
single cells were aggregated and
plotted, the distributions matched
those of bulk populations. Equally
intriguing was the observation that the
fate outcomes of siblings was highly
concordant whether the cells divided
or died, whether or not the cells
differentiated into plasmablasts, and
whether or not the cells underwent
class switch recombination. The time
taken to adopt each of these fates
was also very similar between siblings,
except for the time taken to carry out
class switch recombination. In these
data from this system, there was little
indication of asymmetry amongst
siblings. The mathematical model
developed by Hodgkin and colleagues
[2], and found to predict the diversity
within their cultures with considerable
accuracy, is based on the proposal
that each B-cell fate represents an
autonomous entity that is subject to
competition from the other fates. From
this, it is possible to account for and
predict the variability that arises asa result of culturing B cells under
conditions mimicking T helper cell
stimulation; i.e. the proportions of
cells that have isotype switched,
differentiated into plasmablasts,
divided, died and various combinations
of these. This means that external
factors are not essential to generate the
diversity of B-cell fates; these fates
arise as a consequence of the diversity
intrinsic to the individual cells. As the
authors note, this is a decentralised
model of control in that every cell in the
response does not need to receive
precise instructions at each stage but
instead will operate with autonomy,
making it almost impossible for the
program to be subverted.
Finally, Batista and colleagues [3],
examining internalised antigen in
B cells, found its distribution to be
polarised; this distribution was stable
over several days and through several
divisions. Further examination showed
that this polar distribution of antigen
developed in the absence of cell–cell
contact, persisted through cell division
and created an asymmetric distribution
of antigen amongst progeny. This
unequal distribution was reflected also
in the amount of antigen presented by
B cells to the CD4+ T cells and, as
a direct consequence, in the response
of those CD4+ T cells to the activated
B cells. The authors note that this
example of asymmetry did not involve
the ancestral polarity network member
aPKCz because it was symmetrically
distributed in their B cells. Another
interesting feature of this work, and
reflecting the approach taken by
Hodgkin and colleagues [2], was the
use of mathematical modelling to
explain the distribution observed.
Batista and colleagues [3] suggested
that a minority of B cells segregate
internalised antigen asymmetrically
while the majority undergo symmetric
segregation. The end result is a small
population of B cells with very high
amounts of antigen and a larger
population with little, if any. Clearly the
unequal segregation of antigen could
considerably affect the capacity of
B-cell daughters to compete for their
continued participation in an immune
response and influence their eventual
fate as many models of B-cell
differentiation in immune responses
implicate access to and duration
of T-cell help in determining
differentiation outcomes [4].
A fundamental feature of immune
responses is the diversity that isgenerated amongst the responding
lymphocytes, a feature that is probably
crucial in combating the diversity of
challenges the system faces. A central
question is how this diversity is
generated; is it intrinsic to the B cells,
unfolding as a natural consequence of
their activation, or is it the result of
instructions from external agents such
as the antigen and the guiding CD4+
T cells? Based on the current papers,
it appears that both systems operate,
sometimes in conjunction. The
challenge now is to work out when,
how and why.
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